Abstract-A quench detection system for testing superconducting magnets with two concurrent data logging modes was developed at Fermilab. This system consists of two functional components: An active quench detection component, which is based on a reconfigurable input/output module with a fieldprogrammable gate array, and a data logger component based on a set of simultaneous sampling data logger modules. The data logger component has two concurrent modes of operation: A fast logger mode that is triggered to capture a user specified window of data at rates up to 10 kHz, and a continuous data logger mode that can log data at rates between 0.1 and 100 Hz continuously using the same data loggers. The system was designed with a modular structure using commercially available hardware along with in-house developed programmable isolation amplifiers. This approach makes the new system easily scalable for multiple magnets or magnets with more complex coil and lead voltage tap configurations. The new system has been used for testing the MICE Spectrometer Solenoid. A detailed description of the system along with test results is presented in this paper.
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I. INTRODUCTION
T HE MAGNET Test Facility (MTF) at Fermilab has employed quench detection and protection systems used for more than two decades [1] - [5] . In 2005, MTF designed and implemented the first FPGA-based quench detection system [5] . Firmware running on the FPGA detects the resistive voltages produced when the superconducting coil goes normal (quenches). When a quench is detected, protection logic, also implemented in the FPGA, switches a dump resistor into the circuit and ramps the magnet down to zero current. The detector also triggers fast data loggers to capture coil voltages in a window surrounding the quench event for offline analysis.
The flexible FPGA-based system allows a wide variety of magnets with a broad spectrum of characteristics to be tested easily. Additional functionality was needed, however, to capture data during the several hours required to energize magnets with very large inductances. Two examples of such magnets are the MICE Spectrometer Solenoid [6] , and the MICE Coupling Coil [7] . Hardware improvements were made to increase the flexibility of the system and to reduce the time required to setup individual magnets. Furthermore the second generation system continuously monitors and logs voltage tap signals during magnet energization in addition to capturing tap data in a time window around a quench.
II. HARDWARE MODIFICATIONS
Even though the majority of magnets tested at MTF require some device specific re-configuration of the quench detection system hardware, the fundamental building blocks do not change. The important subsystems are shown in Fig. 1 : the voltage tap interface, isolation amplifiers, filters, the quench management interface, and the data acquisition and processing subsystem.
The voltage tap interface allows signal connections from taps in the magnet coils and power leads to the isolation amplifiers to be easily reconfigured. The isolation amplifiers provide isolation between magnet voltage taps and all other equipment, and scale the signals to levels appropriate for digitization by the analog-to-digital converters (ADCs). The gains of the isolation amplifiers and the response of the filters they drive can be set to accommodate a wide range of magnets. The quench management interface relays the scaled and filtered tap signals to the data acquisition and processing subsystem. This interface also manages auxiliary signals for all magnet specific devices, such 1051-8223/$31.00 © 2013 IEEE as heaters, external quench indicators, etc. The data acquisition and processing, the core of system, digitizes and processes the signals.
The quench detection rack shown in Fig. 2 . The voltage tap interface, isolation amplifiers, filters, and the quench management interface were built in-house, while the data acquisition and processor are commercial sourced PXI units.
Although much of the same hardware was used in the first generation system, several hardware components have been upgraded. The isolation amplifiers were originally designed such that the gains of each channel could be programmed by either manually changing setting jumpers or via a Serial Peripheral Interface (SPI). The first generation system, however, did not utilize the SPI interface. All isolation amplifier gains can now be controlled programmatically. Gain setting range is 0.005-500. Major settings are: 0.005, 0.01, 0.1, 1, 10, 100, 200, and 500. Each of them additionally can be finely adjusted in 256 levels.
The filter module was redesigned from the ground up. While previously fixed low-pass filters employed and changing filter characteristics required physically changing the unit, time constant in the replacement system can be set using switches. Filter time constant settings of new module are: 1, 2, 5, 10, 20, 50, 100 ms; no filtering setting also possible.
III. SOFTWARE MODIFICATIONS
Significant improvements have been made to the software of the upgraded quench detection system. The firmware/software of the system consists of two major components: an active quench detector, and the data logger. The active quench detection component is implemented as firmware running on a NI PXI-7833R FPGA module. It performs voltage tap signal digitization, filtering, detection and triggering. FPGA module includes the following: Eight simultaneous sampling 16-bit, 200 kHz, ±10 V analog inputs; 96 TTL digital lines configurable as inputs or outputs. The FPGA module runs the quench detection and protection logic in less than 5 μs. The data logger uses an NI PXI-6143 module to record tap signals in the event of quench. PXI-6143 module includes eight simultaneous sampling 16-bit, ±5 V analog inputs with 250 kS/s per channel sampling rate.
Both modules are commercial PXI form-factor devices, manufactured by National Instrument (NI) similar to those used in the first generation system. For the second generation system, an entirely new data logger with two concurrent modes of operation, fast and continuous, was designed and implemented.
In fast mode, signals digitized by the ADCs are stored in a circular buffer located in PXI controller memory. When a quench event is detected, the pre and post-trigger data in the circular buffer is recorded. Up to 32 active channels at rates of up to 10 kHz can be recorded during operation in fast mode. First generation system data logger used only fast mode [5] .
The data stored in the circular buffer is also used by the continuous logger. The data in the buffer may be either subsampled or averaged to reduce the sampling rate prior to recording (see Fig. 3 ). Continuous data from 32 channels can be logged at sampling rates from as low as 0.1 Hz up to 100 Hz. Up to 24 hours of continuous data has been recorded at the rate of 5 Hz typically used. This continuous data logger mode is important for high inductance magnet testing when current ramp can be as long as several hours.
Other software components of the quench detection system software include: isolation amplifier configuration, a data visualization program; and a quench analysis program. The isolation amplifier configuration and data visualization programs are Labview applications while the quench analysis program is an executable compiled from Matlab source code.
Isolation amplifier configuration program was designed for second generation of quench detection system to support isolation amplifier programmatic gain setting. As part of the upgrade, data visualization and quench analysis programs were modified to accommodate data from both the fast and continuous loggers.
IV. TEST RESULTS
The new system was used to test the MICE Spectrometer Solenoid at Livermore, CA. The system was successfully integrated with other MICE test equipment and was used to monitor coil and lead tap signals during magnet energization; to detect quenches; to monitor and record voltage taps signals prior to, during and after quench events. The MICE magnet is protected by a passive protection system [8] , [9] but the quench detection system shut down the magnet power supplies when a quench was detected. From June to September at least 16 test runs with magnet energizing were performed. In each case system detected the quench, recorded fast mode data and several hours of continuous mode data. Data was recorded for 32 channels including: coil segments, lead segments and power source currents. Figs. 4 and 5 represent the same current ramp and illustrate the ramp and quench processes that mostly observed during test runs. Fig. 4 shows example of data captured by continuous logger. All 32 channels logged simultaneously at 3 S/s during a 2.7 hour ramp of the MICE Spectrometer Solenoid. Only two power supplies current in process of magnet energizing are shown in Fig. 4 . Fig. 5 shows example of fast logger data recorded at 3571 S/s during a quench and the subsequent dissipation of the stored energy. Only coils E1, E2, M1, M2 [9] voltage signals are shown in Fig. 5 . At some moment of current ramp, voltage spike were observed on end coils E2 [9] (see Fig. 5 , before zero second). This event treated as quench and system send the signal to shut down power supply. After power supply off, energy stored in coils dissipate through "energy rapid discharge system" [8] . Voltage signals during energy dissipation shown on Fig. 5 after zero second.
V. CONCLUSION
The second generation quench detection system developed by the Fermilab MTF includes continuous data logging of signal for periods of up to 24 hours to facilitate testing of magnets with large inductances. The system also incorporates other upgrades to improve system flexibility and operational efficiency, such as fully programmable gains for all isolation amplifiers. The system has been successfully used to detect quenches and log fast and continuous data during testing of the MICE solenoid in Livermore. The new features will be incorporated in for the third generation of quench detection systems currently under development for the Fermilab Solenoid Test Facility.
